

PROTECTED - Proprietary/EPRl 



RC-1163 
DRAFT Rev. 2 



AECL Research 



CALORIMETRY FOR A Ni/K 2 C0 3 CELL 



M.T. Craw-ivanco, R.P. Tremblay, HA. Bonifai 



Chemical Engineering Branch 
Chalk River Laboratories 
Chalk River, ON 
KOJ UO 

1994 June 



AECL Research 



PROTECTED - Proprietary/EPRl 



RC1163 
DRAFT Rev. 2 



CALORIMETRY FOR A NL^2C°3 CELL 



by 



M.T. Craw-Ivanco. R-P. Tremblay. H-A. Boniface and J. Hilborn 

SUMMARY 

Experiments were conducted to 

electrolytic cells. The program comprised six ba ** e ^^_ e " " ra l da y s The first three experiments 
production was monitored calonmetncally over a period lof several days. ^ was m 

were conducted with a relatively high ^ W ?L n Ke So ° ^ was occurring; therefore an 
indication that some significant ™™*™ U ™ ^ ^ „tSSb£er catalyst was introduced to the 
experiment was conducted in which a ^^^J^^u was observed. These experiments 
electrolysis cell. No conclus.ve ^Sed by Randell Mills, of Hydrocatalyais 

were performed at power levels in excess of * os ^"°™ m n e ^ ed ]L R^dell Mills, and on the 
Power Corporation (HPC). The electrode assembly was i^power (-1 W), this time with 

diction of HPC a second series of "penmentewas co ndu cted £ l°w*r£w (#1> # 2 and 

ambiguous results because of " easure X erve d heater San ex^rimenUl error. According to Mills, 
#3), no net excess or deficit energy ™.£ s °^?**^?. Stages substantially higher than 
this result was consistent with °P erat, °"^4^" tS w ^e done within the recommended current 
1 mA cm' ahd 2.5 V. The lower power "ff™Z%££ f heat would be about 0.25 W. Vanous 

balance data for low-power experiments. 
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1 . INTRODUCTION 

Since the original claims of excess heat production in electrolytic cells by Pons and Fleishman a 
considerabKody of work has emerged, both experimental and theoretical. Fa.rlycomprehensive 
reviews of the literature have been given recently.^ 2 ! While the original 'excess heat generation 
exoerimenU ^concentrated on heavy water solutions and noble metal cathodes more recently several 
ItuSS excess heat production with a K 2 C03/light-water electrolyte m an electrolytic 
cell with a nickel cathode and platinum anode have been reported.' 3 - 61 

The inventor of this work is Randell Mills, of Hydrocatalysis Power Corporation (HPC) whc , has 
reposed excess power generation of 50 to 100% of the input electrical power with constant current 
and as high as 10 to 15 times input power with pulsed current.^ Our work aimed to repeat the 
^11 £ of Randell Mills, to determine whether excess heat genera .on was observably >w .our 
exJ2nroental system. The experimental program was therefore conducted in close collaborate with 
personnel from HPC. 

2. EXPERIMENTAL 

2.1 Materials tmd Supplies 

Potassium carbonate was purchased from the Aldrich Chemical Company and certified to b^-j** 
nure^ Nickel wire was obtained from Alfa Chemicals and all gases used came from Linde Distilled 
l^MQ cm denized water was used for making up the electrolyte solution. To ensure no 
ll^ZL of the electrode system all glassware -7-^*^^^ 

di^ 

Strife 

without current flowing. In experiment #3, AECL wetproofed catalyst J! ^™J.*" 
Jhetop of the electrolysis cell, to ensure complete recombination of all of the electrolysis gases. 

2.2 Cell Design 

To reproduce the conditions of Mills' experiments a new ^J^,^^^" 
in Figure 1. The cell volume was approximately 1200 mL. JftyJ^^yjgf ^ovnd the outer 
from polypropylene. The central cathode comprised 100 m of 0.5 mm ™ c * e ' ™ re - \^j" m the centra l 
section oUhe'electrode support, six 4-mm diameter ^^^^.^l^SlL 
cathode) to support the 1.5-mm diameter platinum win | anode u The rabo ^ « th ^ ^ directly to 
area was approximately 20:1. For the first ^"^J^^^Xed at the point 
the power supply; for subsequent experiments the a ^\"^^^l^r^^PP*r wire, to 
of exit from the electrolyte solution and replaced by #16 American Wire uauge vvu; yv 
miSnize resistive losses. The cell was stirred with a ^^^^g^^^t tube 
assembly fitted with a Teflon paddle. Electrolysis gases were passed fr °™J^"X Quantity of gas 
and a molecular sieve drier to a Tylan thermal mass flow ^^^J^^SS^^^ 
being released from the cell. The mass flow transducer w « cal.braUd usuig » »^ c ™^^ 
H2/O2 gas mixture against a soap bubble meter. Gases emitted from the electrolysis < cell wer 
sampled and analyzed by gas chromatography. The ratio of hydrogen to oxygen in the effluent from 



the cell was found to be 2.14:1.00. 
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1 . INTRODUCTION 

io/-t.-nivtir cells bv Pons and Fleishman, a 
Since the original claims of excess heat ^^^^S^rJ^l. Fairly comprehensive 
considerable body of work has emerged. ^^S, 6 "^ the original Excess heat generation" 
reviews of the literature have been given recently. cathodes, more recently several 

experiments concentrated on heavy-water solutions an ^ electroly te in an electrolytic 

stLes to investigate excess heat production with a ^CO^.ght 
cell with a nickel cathode and platinum anode have been reported. 

The inventor of this work is Randell MiUs of 

reported excess power generat.on of 50 to 100% » ol tne P ^ to repeat ^ 

and as high as 10 to 15 times input power generation was observable in our 

personnel from HPC. 



2. EXPEWMEPfTAL 
2. 1 Materials and Supplies 



2 j /tjOXC/mW ****** 

Potassium carbonate was purchased from 

pure. Nickel wire was otomednn>mAtf^^ T o ensure no 

18 Mil cm deionized water was used ^.^^"VwL washed in HC1, rinsed copiously with 
contamination of the electrode system all B lassware Jff ™ 0 oc In the first experiment, the cathode 
aisS water and dried overnight * i a vacuum ^^Z^^ ^ de _ 

and anode were dipped in concentrated HC1 f o ^onebo ^ ^ experiment j but the 

ionized water. In subsequent ^^^^^^^HzOa solution for thirty minutes, and then 
cathode material was immersed in a 0 57 M K 2 C0^3 2 2 manipuIa tion S were 

rinsed with distilled de-ionized in electrolyte solution 

carried out using nylon gloves. At no ' ^"'"^^^i catalyst # QA87-204 was inserted into 



2.2 Celt Design , ^ 

„«, cpM was designed and constructed, as shown 
To reproduce the conditions of Mills' expenme nls a newc ell was j ^ c<)ns ^ ict « 1 

inFi^rel The cell volume was approximately ^ |?~" _Tq 5 mm nickel wire. Around the outer 
fromTolypropyJene. The central cathode ^^^J^^ positioned (-1 cm from the central 
IrHon ofthe I electrode support, six 4-mm diameter glass rods were P surface 
S^fto^upport the 1.5mm diameter ^^^^[^^^e Z res were connected directly to 
aria was approximately 20:1. For the first ^""^l^^ wires were clipped at the pomt 
She power supply; for subsequent ^penmen^ the anod e™« c ™ mr e Gauge (A WG) copper wire, to 
0 ? exU from the electrolyte solution and placed ^ ^Amen ^ stirring-rod 

minimize resistive losses. The cell ™«Z&^™ Sere passed from the cell via the vent tube 
assembly fitted with a Teflon paddle. E ' ectr0 \ y * s J c a n oW transducer, to determine the quantity of gas 
and Tmolecular sieve drier to a Tylan "Sc^2^Sibi.t«d using a stoichiometric (2:1) 

beTng released from the cell. The ^.^^Z eri£a from the electrolysis cell were 
H 2 /0 2 gas mixture against a soap bubble ™ ter - f fc d t0 oxygen in the effluent from 

sainpled and analyzed by gas chromatography. The ratio ny 



the cell was found to be 2.14:1.00. 



> 



PROTECTED - Proprietary/EPRI 



RC-1163 
DRAFT Rev. 2 



Magnetic Drive 



(+) 



Rubber Stopper (#4) 



naiiBi: 
!B!5i 




Vent Tube 




Electrode Support 



Ni Cathode 



Pt Anode 



Flask (1000 mL) 



Paddle 



Figure 1 - Electrolysis Cell 
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2. 3 Temperature Control 

i a f^r thP<;p exoeriments, to ensure that fluctuations in 
A temperature-controlled ^^^^^^^^ results. The entire 
the ambient temperature would no »f "J^^ati^llusUating the system water flow » 

^•^rTttStS S^rLTeln ^enclosure - ; contro lied by heat lamps, a coohng 
coil and a fan to circulate the air in the enclosure (minimum 2.5 m h ). 
2.4 Operating Conditions 

• • i »l„ .-: n i OC c ctpel dewar and surrounded by a coil 
The electrolysis cell was immersed ^^^^S^M^ the cell when electrolysis 
of copper tubing. Water was emulated ^fr™^?™^ for a given current, the theoret.cal 
was occurring. The expenment was des^gne * » S water flowing through the copper cod 

The ambient temperature and the dewar ^V^^^^^^^S^^^^ 
temperature of water to the coolmg cod w »%»Wr^tely 2^to ^ ^ ^ cooling coi] was 
waS P a PP roximately equal to the dewar 1 J»P«jJ™J 'temperature water bath (to obtain a 

stored in a 25 L reservou tank and passed^ ^f.^^ange, (to further ensure the 
temperature of 22 to 24'C) via insulated »«»^ d * t £ a ) J^J r The flow rate of water was controlled 
appropriate inlet temperature) to the coohng < f 0 ^ * £ t h e water was also passed to a 

and monitored by an HPLC pump; as a check f ^^^pp^with a level controller and 

minimum operator intervention, 
calculated: 



- Voltage, current and hence input power. 

- Temperature measurements. 

- Flow rate of water to cooling coU. 
. Power from recombination of gases. 

v . Resistive losses in lead wires. .o m n-r»ture 
* . - Effect of ambient temperature on dewar temperature. 



l. 
ii. 
iii. 
iv. 
v 
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Figure 3 - Water How Diagram 



L Voltage and Current Measurements DT 2805 

T.e voltage and current were recorded will .the ^ ^tSj The 
board A/D subsystem has an accuracy of ^± 0 ^ multirflete r. All. readmg 

computer readout was compared w, \V™ rM ^voltage was measured across supply ( wire near Uie 
were in agreement to four significant /^ cu ^ e e Jt as obtained by measuring the voltage drop 
entry to the cell, as shown in *£ re ^£^S£ was obtained using the ^voltage drop 
across a 10 W, 100±1 mCl resistor. The «■* ™ as m ed by a Fluke 



Power = Voltage x Current 
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R= 0.1038 a 
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Voltage 
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Cell current (I) = E/R 



Figure 4 - Cell Electrical Measurement* 



ii. Temperature Measurements 

A Data Translation DT707-T screw tergal panels SSJ^ 
Translation DT2805 data ^^f^J^^^7mZ» by which to determine the 
junction compensation circuit (CJ C) .The CJC written to permit compensation for 

temperature of the DT707-T board. The computer F^rrOT? ^fhe CJC was calibrated following 
errors by the cold-junction thermocouple formed at the V l/u / i . me 
the procedure described in the user manual. 

Since the board was located inside the test enclosure ^Per^re of £ board w^used as a 
measure of the ambient temperature .n the enclosure ■ T^l^JJJ » T - Umits of err or ± 1°C). 
temperature were measured using c W r ^ n f ™^ e ™^ P „ u UJto the calculation to 
The temperature difference ^™Jto^vto^^™^£^ "leasuxed by two 

S=b5£ «IS2! -th or in boiling water to 

within 0.1 9 C. 

The thermocouples were calibrated and the error associated with AT measurements at the input and 
output of the cell were found to be within ±0.35%. 

ui Flow Rate of Cooling Water 

The flow rate of cooling water was ««^ t ^^«^C? X ^STo^KS* 
the cooling coil and then to a reservoir situated on top o a 1 he mass ^ ^ 

reservoir was monitored (using the computer), and after ^PProwmateiy Juu mm 
ate was calculated and compared with the 

value for cooling-water flow rate was ^^^^^f^^J^Sg fell below 98% of 
The power derived from the electrolytic cell (Pcoo.) was ca.cu.ated according to the following equation: 



7 RC-1163 
PROTECTED * Proprietary/EPRI DRAFT Rev. 2 



Pcool = QCp^T 



where: 



C is the heat capacity of liquid water and taken as 4.184 J g" 1 K" 1 - 

Si he difference in temperature between the inlet and outlet of the , ccohng co, . and 

Q is the How rate of water to the cooling coil in g s -1 (as determmed from the balance). 

The limit of accuracy atta.nable for power out measurements is estimated to be within 2%. 

iv Power from Recombination of Electrolytic Gases 

recombination may be calculated from: 



i 2 1 

P^ = AH 300K rQ CAlc -Q DW ^3 X ^ 



where: 



Prec 
AH300 K 



; the power added to the system from recombination of hydrogen ^en 
■ - 285 771 kJ mol-lM enthalpy of formation of H 2 0 ( g ) from H 2 and 0 2 in their 
standard states at 298 K and 101.325 kPa, 
q „ le = gas How rate (Ls* 1 ) from the cell assummg no recombinahon 
O = actual exit dry gas flow rate (L s 1 ) as measured erperimentaUy, 

QmeaS 2/3 accounts for stoichiometric ratio of hydrogen and oxygen, and 
22 4 L is the volume occupied by one mole of a gas at STP. 
The instrumental error on the mass flow transducer used for gas flow measurements is estimated to 
be ± 1%. 

Estimation of Resistive Losses in Lead Wires to the Cell 
Resistive losses in the lead wires to the cell were calculated based on the following data: 

tn nnmfii o. cm l at 18°C 191 The length of wire from 
Platinum wire #16 AWG has a reserve loss of J-J^^JS, Ui, res i s tance was approximately 

Pres = I 2 R 
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Which, for experiment #1, was: 

Pres = l 2 < R Pt + RNi> 



= (2.822 A) 2 x (0.024 Q+0.15 Q) 
= 1.38 W 



To minimize these losses, the platinum and nickel lead wires were replaced with #16 AWG copper 
wire. The resistance of this wire is documented as 0 000132 «<*»-».*» Using 39 cm of popper wi re 
for each electrode with a current of 2.822 A, the total resistive losses drop to 0.082 W. Therefore, 
copper was substituted for the nickel and platinum lead wires after the first experiment. In 
experiments #4, #5, #6, and in the calibration runs CallWl and CallW2, the current never exceeded 
1 A; therefore, the resistive losses in the copper lead wire were always less than 5.15 x 10" W. 



Estimation of Fluid Frictions] Power in a Pipe 



The power loss due to the friction of the cooling water flowing in the cooling tube (Pfr) may be 
estimated, assuming the flow is laminar. Using the Hagen-Poiseuille equation for frictaonal head loss 
(Ap) in a circular tube: 



128 uLQ 

Ap = 



-1 



Assuming a 10 m long tube (L) with a 2 mm inside diameter (D) and about 10 g min^ pure water 
flowing inside (Q), the head loss is: 

, kg ,„ 10 -4 m 3 
128xl0- J — 2-xl0 mx — — - 

m s 60 s 

Ap= nx (0.002 m) 4 



= 424 Pa 



and the power is: 



P fr =QAp 

10- 5 m 3 



x 424 Pa 



60 s 
= 7.1x10 * W 

Thus, for this situation, the firictional power is negligible. 
viL Estimation of Stirring Power Loss 

Power added to the system by stirring may be estimated from the following correlations for the 
dimensionless power number (N p ):' 10 ' 

m = — at low Reynolds number 
P R e 

= 6 at high Reynolds number 
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where: 



p " pN 3 D 5 
D 2 Np 



Re = 



,„ this «-.. ,h, i-p-h, was 40 mm dianete, (D) "-■JS^^^'"^ ,P = 
1000 kg-m-S. B = lO' 3 kg m' s 1 ). Thus the power added by stimng was between. 



and: 



P = i°if- p N J D s 
" D J Np 

= 80 uN'D' 

= 80xl0 -3jLI-x(2s- I ) a x(0.04 m)' 

m -s 
= 2xl0" s W 



P„=6pN'D s 

_ 6xl0 'ilx(2s-') s x(0.04 m) s 
m 

= 5xl0- 4 W 



Therefore, in the worst-case scenario the power added to the cell from.tirring is about 5 »W. 
2 6 Estimation of Total JWr In arul Total Pou*r Out of Cell 

The total power delivered to the cell has several potential sources and may be calculated from: 

Ptot..n=Pe.in+Prec + Pfr + P8t 

where: 

P. in is power from voltage and current delivered to the cell. 

p!:' is power from recombination of electrolysis gases. 

Pfr is £wer from the frictional pressure drop in the coohng co.l. and 

P st is power produced from the stirrer. 

The total electrical power provided to the cells is simply: 

Pe.in = IV 

and the power used for the electrolysis reaction is: 

Pelec = Wo 

where: 

V = the total cell voltage, voltage (148 V). and 

V 0 = the hydrogen/oxygen thermoneutral cell voltage 

I = the cell current in A. 
Prec Pfr and P st are ca,cu,ated as shown in SecU ° n 25 



PROTECTED - Proprietary/EPRI > <> DRAFT Re^ 



The total output power from the cell can also be estimated: 

Ptot.out = P cool ♦ p elec + P res + P cond 

where: 

P c00 l is the portion of input power used to heat up the cooling water, 
Pelec is the portion of input power used in electrolysis of water, 
P res is the resistive losses in the lead wires, and 

P cond is the portion of power used to evaporate the water that is carried out (as vapor) 
with the evolved gases. 
In a similar fashion the total input energy and output energy can be defined as: 

Etat,in = E e ,in + E rec + Ef r + E st 

and, 

Etot.out = Ecool + Eelec + E^s + E con d 

or: 

t 2 



Etot,in - jPe.in * ♦ J Prec dt ♦ J Pfr dt +* | P st dt 



and, 

t 2 



Etot.out » J P co«l ^ + J P elec dt ♦ JP reS dt ♦ j Pcond dt 
tj t, t, t, 

2. 7 System Calibration 

were stabilized, the water flow rate and inlet temperature were adjusted such that the power output 
matched the power input. 

Once the oower input and output were matched, the data acquisition system was reset and the 
Sstenl "^^onZedTver ^extended period of time, to determine *^*™™*Z» ££r for 
offset or fluctuation in the input or output power of the system. Th %^^ s ^^\^Zw^ 
7 W and 15 W calibration studies, along with standard delations of these measurements, are shown 

in Table 1. 

Temperature measurements were recorded during the resistance ^fj^^^!^ " 
determine whether small fluctuations in the ambient temperature effect on^ ^ons " the 

temperature or the recorded outlet temperature. There was no significant effect of vamtos 
a3ent temperature on the dewar temperature, providing the.nuctuations »£*»fo« t 
temperature were kept to a minimum. Mean temperatures with standard deviation data ^are uw 
In Table 1 L Similar experimental data are also listed in Table 1 for the pump calibration and the 
mass-flow transducer calibration. 
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Table 1 • Statistical Analysis of Calibration Data 
Mean 




» i onn ml of 0 57 M K0CO3 solution was placed in the electrolysis cell. 
In all of these experiments, 1200 mL of 0.57 M "2^3 immersed in the electrolyte, in 

The cell current was set at 0.25 A before the ^^^^ , ^^ m ele ctrode and sealing the 
accordance with the directions fro. ^^^^J^^j. ^ The system wa S 

^temperature from the copper coil surrounding the 

cell were stabilized. 

* „«o a V which resulted in an input power of 
The voltage corresponding to this ce 11, wm ^ V wtochm ^ 4 . 177 W would be used for 
13.86 W being delivered to the cell Of Uu .13.86 W U 18 J 6 ^ remainder of the power would 
electrolysing water (assuming ^ tT ^ ^^ZaL g around the electrolysis cell in the copper 
be used to increase the temperature of the wat " "" u if tm 3 were computed as shown in Table 2. 
coil. The basic energy balance data for experiments #1,2 ana J 

. 11( . ftn ,_i The current density recommended by Mills was 
The surface area of the cathode was ^"5^^^^^ A. The actual current was 
less than 1 mA-cm* thus the r * c ™ m * n ^ that the cell voltage not exceed 2.5 

approximately twice this value. ^?hermw^^^ experiment #1, the 

V Using the cell resistance calculated a cell voltage of 2.1 V and an input power 

recommended input parameters were a cell current oi a, 

of 2.94 W 



Table 2 - Data from Experiments #1, #2 and #3 



Thermal Energy 
Out 



Total Electrolysis 
Energy 




Measured Gas 
Released 



Theoretical Gas 
Production 



The total input energy to the cell may be calculated as follows for experiment . 1: 



Etot.in = Ee.in ♦ E r ec ♦ Efr ♦ 

= 723.6 W h+ 52.4 W h ♦ 0 W h + 0.26 W n 
= 776.3 W h 



E, "° u ' : f^:t^t^ «* . 2.9, w» 



= 802.7 W h 
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The first experiment was designed to identify potential operating problems Re c ombinatior . appeared 
to plav a significant role in the overall energy balance; therefore, .t was concl J-fJ £ ° ,ule 

nuant'itv of eas evolved from the svstem should be monitored very closely, and that particular 
?«*nZ sho»\?£ paid to'all potential leaks. Another possible source of error was resistive losses 
in the lead wires. 

The Quantity of water evaporated from the cell and adsorbed in the trap for experiment # 1 was 
calculated by weTghuTg the^olecular sieve trap before and after the expenment. The mass of liquid 
.d^o^fe^ sieve was recorded as 4.3 grams or 0.24 ^^^^^^ 
to a saturation temperature of about 40 e C in the gas leaving the cell). The enthalpy of vaporization 

is approximately 44 kJmol" 1 . 

From the integrated data there would appear to be an overall energy gain of 26 .4 W ' h in 
exoeriment #1 which would translate to approximately 0.5 W of power or 3% of the input power, it 
fsTeHeTeS tnai, Zer the conditions of the expenment, this figure is within experimental error. 
According to the experiments of Mills et ai, excess power to the extent of 1 mWem* of of 
surface would be expected, which in this expenment would translate to 1.5 W of power or an energy oi 
76.4 W h. 

In experiment #2 the reaction system was modified slightly, to minimize all potential power _ losses, 
LSTuwiW* no gas leaks and ensure that the measurement of gas evolution was .indeed 
aerate ^ r^riherTdvice wis sought from Randell Mills, of HPC, concerning operating conditions. 

Prior to beginning the second experiment, a new cathode was rolled ^. d % cri ^^S e "^Vw aS 
The cathodVwas then soaked in K 2 C03/3% H 2 0 2 as descnbed in section 2. The P latl " um ^ W " 
soaked in HC1 rinsed in distilled deionized water and installed in the electrode assembly. AO .57 M 
solution Q200 rnL of K 2 C0 3 was placed in the electrolysis cell, the current turned on at 0.25 A and 
he lectrode assembly i'mmeVsed in the electrolyte. Since the nickel ^«£%£«Z£Z£l 

of 9.87 W. 

The surface area of the cathode was about 1500 cm>. The c U ^e»t density '«»™™" d £ t b ^ 115 "*• 
£ — ^ ffrTK^Sa^r-Sl "ceo. « 

power of 2.57 W 

Approximately 9% of the expected electrolysis gas was missuig j-^^^^tJffiSf. 
recombined. The energy associated with this recombination k™™ 3 ™***™^ adsorbed in the 
small fraction of water vapor was earned from the cell in the ^weighing the 

molecular £= ^»^«&ftl'SS=2 ^X^S^J^^ 
"ele was -ordedas 11.7 grams or 0.65 moles of water ^^^orresp.nd S 
temperature of about 40°C in the gas leaving the cell - as J" "Pf™" 1 ^ CneFgy 
system as a result of evaporation was calculated as 28.6 kJ or 7.9 w n. 

Summing up all the appropriate input terms for experiment #2: 

Etot.in = Ee.»n + E rec + E fr + E st 

= 1154.5 W h+ 44.5 W h + 0 W h + 0.573 W h 
= 1199.7 Wh 

Similarly, the total power released from the cell, neglecting heat loss, can be obtained: 

Etot out = E cool + E e |ec + E res + E C ond 

= 685.3 W h + 481 W h+ 9.4 W h + 7.9 W h 
= 1183.6 W h 
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• u f ifiWh(nr014W) or 1 4<i. This energy is. however, apparently 

K Eft? SS?i?=t^^ wVefiects *. op.,,.^ 

One ofthe area, o.concem in this type t'trSSwrf^tirr 
from recombination of the electrolysis | ases^ One way to el.mm , ^ ^ 

recombination would be to r«ombine ■ t 8 ,' but with a recombiner catalyst housed 

(2 mL rnhv 1 ) to eliminate potential explosion hazards. 

The difference in input and output energy can be computed as before: 

Et0l ' in I nf 6 + 7 W r h;0 E W + h! S 0 Wh + 0.561 W h 
= 1197.3 W h 

Similarly, the total energy released from the cell can be obtained: 

Etot.out ; ^ ; 7 E ^ : ^ ; Econd w h + o w h 

= 1213.4 W h 

0 „ former consultation wUh Ka»de» **tfJS2TSL ^^S/SS.'Sli " 
HPC. where a new anode and catltode """"^^.'^""r^res from their protocol concrmnf 

The cathode should not be ^rolyjed a^e 25 

observed for that cell. 
These points were noted and the experimental system modified accordingly. 

p^p^r^ts #4. #5 and #6 
The erodes were assembled at HPC 

constructed from three 30.76 m \ en ^ °^^ m n ^ £ ^ surfa ce area of the cathode was 
platinum wire anode was that of expenments #1, #2 ™« the ceU voltage was 

\ 101 4 cm*. To ensure that the conditions of the e*P*™ent JJSiSf no excess power generation, 
et at 2.4 V. With this voltage the ^i^TZ border ^de^this relatively small amount of 

lhC aCtU tn lSng e r^o7 - — ^ *" temPeratUrC Change 

According to HPC. this electrode system £5^^^ 

cathode which carried a current of approximately 1 mA cm in ^ the pre dicted 



1. 

2. 
3. 



to 25% excess power. 

#fi the cell used for experiment; »<* 
£«3.Z =oml^al^un^^t , 6 3. These tw. e^riments were 



PROTECTED - Proprietary/EPRI 



14 



RC-1163 
DRAFT Rev. 2 



• ont »o p^cpnt that in experiment #6 the water cooling was 
then run in the same way as experiment #J, except mai in " A re- 
turned off and the run was quite short. 



P^ihration Runs 

At the end of ^ « the 

order to study the transfer of heat between the dewar ™ ™ ■ in the same way as the previous 
power calibration tests were performed with a 1 n^^J^^gl^ done on the dewar. (These 

10 readings starting at the times indicated. 

Table 3a - Procedure for Experiments #5 and #6 and Calibrations #1 and #2 



Experiment 
number 
5a 
5b 


Date started 

July 26 
July 28 


Duration 
(h) 
42 
31 


Experiment 
duration (min) 
2520 
4380 


Procedure description 

Power and cooling on . 


6a 
6b 
6c 

Cal 1W1 
Cal lW2a 
| Cal lW2b 


July 29 
July 31 
August 1 

August 4 
August 6 
Aupust 7 


48 
24 

23 

40 
29 
41 


2880 
4320 
5700 

2400 
1740 
4200 


Water cooling off - 

Power and coolinp off 

Oxygen flow off, mercury thermometer 

installed 

Cooling and power on _ 

Power on, cooling off 

Power and cooling off 



Table 3b - Test results for Experiments #5 and #6 

Tb 
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Table 3b - Test results for Calibrations #1 and #2 



<per 
Date 



Voltage (V) 



Tdewar^2^1_ 
r(°C) 



Tambienl^C) 



Tcontroller 



(°C) 



Tmercury 
E € in (W-h) 



Ecool <W-h) 



Ecool-Ee.ip (W-h) 



Cal 1W1 



8/4 



601 



0.996 



0.988 



0.98 



35.07 



35.23 



36.0 



36.9 



0.1 



0.1 



8/6 



0800 



0.996 



0.988 



0.98 



35.46 



0.39 



35.20 



36.0 



36.9 



39.44 



40.88 



1.44 



Cal lW2a 



8/6 



0903 



0.998 



0.988 



0.99 
35.65 



35.18 



36.0 
36.9 



0.08 



8/7 



403 



0.991 



0,988 



0.98 



37.09 



1.44 
34.87 



36.0 
36.7 



29.39 



0 

-29.4 



Cal lW2b 



1459 



0 

37.08 



34.88 



36.0 



36.7 



36.84 
0.24 



35.0 
36.0 



During «. *. ^«^^*S^X ^SSSS&^L S 

thermometer was 36.8±0.1°C. 

#. «i tn S3 the results for experiments #4 to #6 are given in 
Following the method used for experiments #1 to #3, the results ior *~ 

Table 4. 



Table 4 - Data from Experiments #4 t #5 and #6 



Expt. 



Electrical 
Energy In 

(W-h)_ 



Thermal 
Energy Out 
Ecool 
(W-h) 



Electrolysis 
Energy 
Eelec 
(W-h) 




Measured 

Gas 
Released 
(L) 



Theoretical 

Gas 
Production 
(L) 



Calculated 
Recombination 
Energy Erec 
(W-h) 



Aner studying the results of the r ^^^ 

overall energy balance were .ntroduced. The firs ^ ^ ss) ^ temperature inside and 

through the dewar walls and lid due to the > smal * *. dewar 

— ^. ..n the d_ m temperature ta the dewa, 
between the start and end of a run. The terms can be denned. 

Ploss = U(Tdewar • T ambient) 



E cap = C Pt dewar( T end • TsUrt> 
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where: 

U = overall heat transfer coefficient of the dewar (W K' 1 ) 

Cp.dewar = specific heat of the dewar contents (W h K" 1 ) 

The total energy output is thus given by: 

Etot.out = E cool + E elec + E loss * E cap 

The value of C p de war was estimated to be at least 17.4 W-h-K-l. based on the fact that the dewar 
ine vaiue P- a * wa ' , ., ... . , with water wou id gi ve this heat capacity. Given the 

ffi^^uS^tS ^^Si^U-'d^r. a bSl estimate of the heat capacity of 
the dewar contents was put at about 20 Vv h-K^. The heat transfer coefficent ^was estimated £om 
literature data for typical vacuum insulated containers to be between 0.05 and 0.1 W K *, although 
thL^Ta^tad tobe on the low side, because the lid was not tightly sealed. 

A number of calibration runs were done to try to determine the values P-™*^ 
number of cooling curves were obtained and from these, coupled with all the °^*™ ™^ie7 
deal Sat the estimate of the dewar heat capacity was reasonable. However, the heat transfer 

coefficient was obviously incorrect. 

During to calibration,. = check was maoe of to precision ^J^S^^SSt' ^ 

A preliminary analysis of the results for experiment #5a was made with the aid of the results of 

output energy must be equal to the input energy, an energy balance for this situation 

E loss = E e,in ~ E cool ~ E cap 

= 39.44 - 40.88 - 20x0.39 Wh 
= -9.24 W h 

^SS^SSSZ «a X> ST tenure wa, to same to, both runs. 1. 
this case the energy balance can be calculated: 

E tot out = E cool + E elec + E loss + E cap 

= 54.15 + 0.0 - 9.24 + 20x0.99 W h 



E tot.in = E e,in + E rec 

= 50.56 + 0.0 W h 

E ex = E tot.out ~ E tot.in 

= 54.15 - 9 24 *■ 20x0.99 - 50.56 W h 
= 14.15 W h 



This excess heat of about 14 W h is equivalent to 28% of the input energy. 
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Tfce above method of analysis includes the assumpt 

transfer coefficient remained the same ^^"^rf^™ » the power input and cooling 
information may be gained by: «}^»« ^ e JP £ J, £ wi to model the system using all the 
were changed. A more j^we^^eM* of MalyxinBiLnc tive €nth alpy and lead-wire 

major energy terms (neglecting ^ n *™™£ SmVtS the temperature of the dewar contents as 
resistance) as a function of time. The model th . u % estimale i ine ^rA Ta „ 0 r T« e - The fitting was 

Jewar temperature The foUowing assumptions were made: 



U is independent of temperature 
C p .dewar.is20WhK-l.and 



either L w . »o m ~.r a ture recorded at the junction board (T^biem* was in error by the 

° r . The ambient temperature waa constant and equal to T.... 
The two mode,* represent some -i^J^r^^^ 

enclosure heaters. 



Put in its differential form, the model is: 



i ! i 

] P n dt + JP fCt dt + }-P cwl dt ♦ j-P*. dt + j-Ud^ -T M ) 

r, u si h 



dt 



SU.ce the mode, was inflated numerical • ~ «* ~" " * " '"^ 



T = T -|- • — — ■ " 



and the Ration was done usi„ 8 rectanHa^t. ^on. because the time inters were so short 
relative to the rate of change of the measured vanables. 

The advance of this ^££5^^^ ^^s^!, 

^irAu^f^ 

temperature/time function. Thus, in all the runs <£™ **£™£ n r coefficient U can be estimate I from 
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were consistent from run to run and consistent with the estimates. Table 5 summaries the results 
of the modeling of the calibration runs (including an earlier, higher-power run) and reports the fitted 
values of heat transfer coefficient and effective ambient temperature or error in ambient temperature. 
The term called Standard Error is the square root of the sum of the squares of the differences between 
the modeled dewar temperature and the measured dewar temperature divided by the number of time 

' * — " J-r- 1 i- *U« r-^r^r. U/OU 2»C K ( = t - t t()t j R ). 



uie muucicu uctoi iu.. r . wv«« • 

intervals in the run. The term E net is defined in the same way as t, e3t (= 



Table 5a - Model Fitting Results for Constant Error in Ambient Temperature 



Run 


Time 
(h) 


Energy in 
(Wh) 


(K) 


U 

(WK 1 ) 


E loss 
(W-h) 


Standard 
Error (K) 


E net 
(W-h) 


Cal 1W1 


40.4 


39.8 


0.28 


1.60 


-9.35 


0.060 


-0.43 


Cal 1W2 


71.5 


28.9 


1.80 


1.65 


4.82 


0.071 


-1.30 


Cal 15W 


26.2 


382.0 


0.55 


1.46 


7.29 


0.068 


-1.54 




Table 


5b - Model Fi 


itting Results for Constant Ambient 


Tempera tur 




Run 


Time 
(h) 


Energy in 
(Wh) 


T a ,e 

(°C) 


U 

(WK* 1 ) 


E losa 
(Wh) 


Standard 
Error (K) 


E net 
(Wh) 


Cal 1W1 


40.4 


39.8 


35.49 


1.82 


-9.75 


0.060 


-0.84 


Cal 1W2 


71.5 


28.9 


36.72 


1.37 


7.73 


0.095 


1.61 


Cal 15W 


26.2 


382.0 


38.08 


1.51 


-25.92 


0.140 


-8.78 



The figures given in the Appendix (Figures Al to A6) present the results of the modeling for the 
calibration Sns, showing the match between measured and calculated ^« J^JSStlrrSi? 
standard errors in Tables 5a and 5b and from Figures Al to A6, it is c,e ^ h *^ 
ambient temperature model is much more consistent wrth the fP e " ment ^/ n e ^ 
therefore selected to perform the analysis of the experiments Another [ e K as °"f 
the heat transfer coefficient is constant. While some reservations might be held about the possible 
variation in U because of the way the top of the dewar may be placed from run to run. with such high 
vahU of U as are given in Tables 5a and 5b, it is expected that the dewar ™* "J™ - 
and therefore the dewar walls must be the main area of heat loss ^f^™*** 5 ^™^ 
polystyrene top. The best value to assume for U would appear to be 1.46 W K since this was 
calculated for the higher power run where errors are expected to be less. 

A slightly troubling result of the modeling is the low ambient temperature during Ration run 
Cal 1W1 If we believe the temperature shown by the mercury thermometer represents the true 
effective ambient temperature" then T a>e is low by at least 1.2TJ. If, conversely, the ambient 
temperature is fixed at 36.7'C. then the best fit for the heat transfer eo^dntii fo ^ d * * thjs 
0 15 W K ' and the standard error is 0.075 K. For comparison Figure A2a shows the res ult « *«s 
set of parameters. Clearly, the fit is poor and the value of the heat transfer coefficient is too low to be 
credible. 

In order to look at the experiments, two approaches could be taken. The first is to repeat the 
modeling following the method used for the calibration runs and look at the I»"» e J™ 
S to see if they are reasonable. The second approach might be to modify the model slightly to 
allow for another parameter, namely E„ with the simple assumption that P ex would be constant 
over an experiment The modification would be simply: 

] P, . dt + 1 dt + j -P^ dt + j -P elK dt + J -Ud^, -T M )di + j P„ dt 

T = T + i- !i H * * ~ 

1 dewar. 2 'dc^v.t r 



'p.dewar 
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and thus: 



T = T + 



p a, + P At-P .At-P..„At.U(T^, t -T„)Al + P t ,At 

r 

p.<Jr*ax 



#6c. Table 6a presents the results of this model. 



Table 6a - Model without 






Run 

Expt #4 
Expt #5 

Pvnt flfi 


Time 
(h) 

93.6 
73.0 
93.4 


Energy in 
(Wh) 

142.7 
74.0 
36.7 


AT a ,e 
(K) 
1.21 
0.91 
1.70 


U 

(WK 1 ) 

1.46 
1.46 
1.46 


E loss 
(Wh) 

0.9 
-28.0 

38.7 


Standard 
Error (K) 

0.086 
0.064 
0.069 


Enet 
(Wh) 
0.2 
-0.8 
3.5 



Table 6b gives the results of the model with P ex included. 

Table 6b • Models with P c 



Run 

Expt #4 
Expt #5 
Expt #6 


Time 
(h) 

93.6 
73.0 
93.4 


Energy in 
(Wh) 

142.7 
74.0 
36.7 


AT 8p e 
00 
1.07 
0.82 
1.65 


U 

(WK* 1 ) 

1.46 
1.46 
1.46 


E loss 
(Wh) 

20.0 
-18.1 

44.8 


Standard 
Error (K) 

0.086 
0.064 
0.078 


(Wh) 
19.2 
9.9 
6.0 


E net 
(Wh) 
0.2 
-0.8 
3.5 



,„ this U,. um «. <'^^^^^lZ»l^^f« * 

heat term is included. 

Table 7 summarizes the results of the energy balances, showing that E net ^ 
l able / summaries difficulty however, lies in deciding whether the model 

Table 7 - Overall Energy Balance Terms 



V > 
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4. DISCUSSION 

( jm *9 and #31 no net excess or deficit energy was observed greater 

In the higher power *^™^2l^\s 3* result was consistent with operation at currents and 
than expenmenta error. According to Mills Uu .result ^ ^ experiments were done 

voltages substantially higher than 1 mA cm and : 2.5 v. ine .o p« y expec t e d excess heat 
within the recommended current dens.tj r and vokage and esuHs Jf experiments #4, 

In experiments .4. .5 and «6. an effort was 

account for the observations. The parameters J ««i m JJJJJ** d to 

were either unknown or appeared to -as not very 

vary widely or completely randomly. In ^ ^ *\oS I heat load on the system enclosure 

thatwas placed in the enclosure don»6 experiment »6c (at least wruun 

U seeded reasonable to assonje a conatant value o. V .fro* ^^f^OTtSSf" 

time the lid was removed and replaced. 

It is instructive and revealing to consider the sensitivity „i -^^^SS^S^Z^ 
used in the modeling. The most critical is the ^ b ™' te J2 e ^£ Nation of 60 hours, then a 
heat transfer coefficient of say 1.5 W-K" and an ^^^^T^eheat loss term, which 
0.1 K error in the ambient temperature ^at It ^unlikely that any of our 

is approximately equal to the ^ fortunate that the dewar 

temperature measurement were within this level ol accuracy aim 
had such poor insulating properties. 

,„ fact the above calculation fox ■ th. .sensitivity of th, >*^^£%^ 1 ^v£ ™M 
applies to the temperature inside the dewar "'^^^^ It would be reasonable to 
have been significant temperature gradients, kVK« d£5£ cahbration runs would be quite 
assume that such temperature gradients in he * e ™£ n du ™ g tn f r ^mbiner. More than half the heat 
different from the gradients during closed cell ^te™ Z°£p of the cell where the 

in experiments #5 and #6 was released to Ration, all or most of the heat is 

recombiner was placed. In other cases calibrations or open cell opera , ^ 
released through the electrolyte in the lower part of the cell. There is no oovi 
magnitude of the temperature gradients from the results presented here. 

Both the temperature inside the ; dewar ^d ^bijnt 

Total heat loss from the dewar depends on the heal • J om a " P or outside . Point measurements 
therefore is affected by the any temperature profi les. ^her inside or ™£™ aMem t on i y 

can. at best, only be an indication of ^^^^^l^^SSAnt with the measured 
limited success, at finding an effective aro _ b '.^™f If^ e *,SS t8 circulating the ambient air and 

sr^ e ,^,tx *• — - 

the point temperature measurements. 

I„ experiment #4 an open cell was used and the off *~£%^ m ^ tZSS^' 
With the low-voltage experiments the ^^^^S ^^^i^At low flow rates, the 
(compared to a flow rate of 26 mL -m.r , • ^^^Srf'Lne concern, but from the data 

absolute accuracy of the mass-flow transducer used wa a source tha „ in expe nments 

we have there would appear to be a higher F^^ l ^'^ B ^Zbich is the reaction between 
#1 and #2. This fits with the expected mechanism for ^ omb, "«T' "socially at the anode, which 
each* the gases with nascent gas bubbles at the opposite electrode • - J £ ™ , omote d 

was made of the highly catalytically active ^ matenal *£^^^Zf&!t none of 
by stirring the electrolyte, as was done in these expenments. If. however, 
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the electrolysis gases recornbine. the energy ^^^^^liT^^^' 
indicate that up to 54.5 W-h of excess heat P^^^ lhe am0 unt predicted by Mills, 
corresponds to 38% of the electncal input energy and agrees wi n 

A major part of this work was the development of, . .model I to «™«^ c l;^£ dc war 

characteristics of the was reasonably SUCC ^ *" , 

contents and the heat exchange through the d*war J™ a Constant ambient temperature of 
closing the energy balance except for experiment #6. fuming • fc t produced . This 

36.70-C, the results of experiment #6 would ,n t d » c n a ^ b ^ s \^u agrees with the amount predicted 
figure corresponds to 38% of the electncal input energy. This resun agr 

by Mills. 

Experiments .4. «5 and « stretched the capability f^^^S^i!^^ 
further work in this area would require more sensitive and accural v 
and a considerably more efficient dewar. 
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